and of otophysan monophyly was challenged by Gayet We examined the phylogenetic relationships among (1982a, b, 1986) using paleontological data, but this the major lineages of otophysan fishes (Cypriniformes, challenge was discredited by Fink et al. (1984), whose Characiformes, Siluroidei, and Gymnotoidei) using a conclusions we follow.
INTRODUCTION tives of the major otophysan lineages. Phylogenetic information from these molecular data and the morphoThe monophyletic group of teleost fishes known as logical data of Fink and Fink (1981) was synthesized the Otophysi is the dominant component of the world's using a ''total evidence'' approach to phylogenetic analfreshwater fish fauna in terms of species diversity and ysis (Kluge, 1989) in addition to separate analyses of local abundance. The Otophysi contains the Cyprini-the molecular and morphological data sets. formes (minnows, suckers, and loaches), Characiformes (tetras), Siluroidei (catfishes), and Gymnotoidei MATERIALS AND METHODS (a relatively small group commonly known as South American knifefishes) (taxonomy of Fink and Fink, We examined specimens for molecular characters from eight families representing the four major otophy-1981) . Despite their divese behavioral and anatomical specializations, the Otophysi are united by possession san lineages (Table 1 ). The milkfish Chanos chanos was selected for outgroup comparisons because Fink and of a specialized condition of the anterior vertebrae and swimbladder known as the Weberian apparatus Fink (1981) corroborated the Gonorynchiformes as the sister taxon to the Otophysi. (Greenwood et al., 1966) . The validity of this character the intervening valine tRNA gene. The following amplification regimen was conducted for 30 cycles: denaturation at 96°C for 35 s, annealing at 55°C for 35 s, and primer extension at 70°C for 2 min, 30 s with an incremental increase of 4 s per cycle. Amplification products were electrophoresed in 3.5% acrylamide gels and visualized under ultraviolet light after staining with ethidium bromide. The DNA bands were excised from the gel and recovered from the acrylamide fragments by electroelution (Maniatas et al., 1982) . DNA sequences were determined by a dideoxynucleotide chain termination procedure described by Hillis et al. (1990) .
Primers used for amplification and sequencing were L847 (5′-TGGGATTAGATACCCCACTAT-3′) and H2898 (5′-AGATAGAAACCGACCTGGAT-3′). Additional primers used for sequencing were L1200 (5′-AAG GAGGATTTAGCAGTAAA-3′), H1592 (5′-TTTCATCTT TCCCTTGCGGTACT-3′), H1985 (5′-ATTGGTGGCTG CTTTTAGGCC-3′), and H2399 (5′-TGATTATGCTACC TTTGCACRGT-3′). Numbers refer to the 5′ nucleotide FIG. 1. Hypotheses of otophysan phylogeny. (A) Hypothesis of of each primer for the light (L) or heavy (H) strands in Regan (1911a, b) and Novacek and Marshall (1976) . (B) Hypothesis reference to the sequence published by Anderson et al. of Fink and Fink (1981) based on a cladistic analysis of 127 morpho- (1982) . Primer sequences were provided by John C. logical characters.
Patton.
Nuclear-encoded sequences. Total RNA was exMaterial examined included the following: C. chanos tracted from muscle tissue and ribosomal RNA (rRNA) (KU 23888), Hypentelium nigricans (SIUC 2390), Cam-sequences were obtained as described by Larson and postoma anomalum (KU 23880) , Parauchenipterus sp. Wilson (1989) . Primers used to sequence portions of the (KU 23885), Chaca sp. (KU 23884), Noturus exilis (KU nuclear encoded 18S and 28S rRNA are described by 23881), Hydrocynus sp. (KU 23887), Distichodus sp. Larson (1991a, Table II) . Sequencing was attempted (KU 23886), Apteronotus leptorhynchus (KU 23883), with three primers for the 18S region (Nos. 2, 3, and 4 and Apteronotus albifrons (KU 23882).
of Larson, 1991a) and 10 primers for the 28S region Molecular Characters (Nos. 6, 7, 8, 10, 11, 13, 14, 16, 17, and 19 of Larson, 1991a) . Analysis of the evolutionary pattern of rRNA Mitochondrial DNA sequences. Total cellular DNA sequences supports their use for investigating phylogewas extracted from freshly frozen muscle samples folnetic divergences occurring approximately 70-200 millowing the phenol-chloroform method described by lion years before present (Larson, 1991b) . Hillis et al. (1990) . Double-stranded DNAs were obtained via symmetrical amplification of a segment of mi-Morphological Characters tochondrial DNA approximately 2000 bp in length enEighty-five morphological characters were obtained compassing most of the 12S and 16S ribosomal genes and from Fink and Fink (1981) where detailed descriptions may be found. Morphological characters were not veri- ynchiformes (6, 10, 14, 29, 38, 46, 49, 65) were excluded.
Ictaluridae

Noturus exilis
Additional characters (30, 59, 60, 66, 69, 78, 81, 85, 88 Fink and Fink (1981) for 85 morphological features. Characters are numbered according to the enumeration of Fink and Fink (1981) physi but are not informative for examining relation-lampreys, elasmobranchs, holocephalans, dipnoans, crossopterygians, polypteriforms, chondrosteans, four ships within the Otophysi. Two characters (5, 96) were eliminated because character states could not be as-groups of teleost fishes (Siluroidei, Gymnotoidei, Notopteroidea, Mormyroidea) , and two orders of amphibisigned unambiguously to the taxa we studied and another character (12) contained only autapomorphic ans (Caudata, Gymnophiona) (Bullock and Heiligenberg, 1986) . Within teleosts, but among unrelated variation at the level of our study. Four additional characters were recoded as follow:
groups, there are many striking similarities in the morphology and physiology of the electroreceptive organs Character 26: Ectopterygoid. We conservatively and connections to the central nervous system. Finger coded the ectopterygoid as present for the Gonorynchiet al. (1986) documented similarities in 28 morphologiformes and Characiformes, reduced posteriorly for the cal features of the electroreceptive periphery and its Siluroidei, and absent for the Gymnotoidei. Fink and connection to the central nervous system. They listed Fink (1981) coded reduced (Siluroidei) and absent 13 features shared between all four teleost lineages, 5 (Gymnotoidei) as identical states.
features shared between mormyrids, silurids, and gymCharacter 40: Barbels. The maxillary barbels of notids, 9 features shared between gymnotids and mormany cypriniforms and siluroids are not considered ho-myrids, and 1 feature shared between gymnotids and mologous. Within the family Cyprinidae maxillary silurids. For example, two types of tuberous electrorebarbels have apparently evolved independently several ceptors are known from mormyrids and gymnotids but times. Evidence for multiple novel originations of max-silurids possess only ampullary organs. We have illary barbels stems from their presence in several un-elected to omit electroreceptive characters from the related lineages, varied position on the maxillary and present analyses because of their widespread occurheterogeneous morphology (Dimmick, 1988) . The rence in aquatic vertebrates and the homoplastic develhighly variable presence of barbels among various cy-opment of similar features of the electroreceptive syspriniform and siluroid lineages as well as their extreme tem in unrelated lineages of teleost fishes. morphological variability is strong evidence against Phylogenetic Analysis their homology (Fink and Fink, 1981) . We excluded this character from all of our analyses.
Parsimony analysis. Phylogenetic analyses were conducted for the morphological and molecular data Characters 119 and 120: Electroreception. Fink and Fink (1981) used electroreception and the innervation separately and in combination using the criterion of maximum parsimony (Swofford, 1990) . Molecular seof the trunk electroreceptors by a recurrent branch of the anterior lateral line as synapomorphies to unite the quences were aligned manually and areas of ambiguous homology omitted from the analysis (Figs. 3 and 4 ). Siluroidei and Gymnotoidei. Electroreception is widespread among aquatic vertebrates and is known from Exact searches for the most parsimonious trees were FIG. 3. Five segments of aligned mtDNA sequences for nine otophysan species and one gonorynchiform outgroup. Segments are separated by a vertical bar. Segment one is equivalent to positions 905 to 1103 for the bovine sequence published by Anderson et al. (1982) ; segment two, 1236 to 1555; segment three, 1735 to 1963; segment four, 2161 to 2361; and segment five, 2636 to 2849. Homology for sites in columns marked by an asterisk could not be determined and these sites were excluded from all analyses. Key to taxa is presented in the legend to Fig. 2 .
FIG. 3-Continued
conducted with the ''branch and bound'' option of according to the method of Hillis and Huelsenbeck (1992) . PAUP. The bootstrap resampling method (1000 replications) was performed on the molecular and combined
The nonparametric method of Templeton (1983) was used to examine the relative support for alternative phymolecular and morphological data sets to examine support for internal nodes. Heuristic searches for the boot-logenetic topologies by the different data sets using the ''compare trees'' option of MacClade (Maddison and Madstrap resampling procedure utilized random sequence addition with 10 replications. The ''random trees op-dison, 1992) . This test examines pairs of phylogenetic topologies to ask whether one of the topologies is signifition'' was used to test for phylogenetic signal within each data set (Hillis and Huelsenbeck, 1992) . A set of cantly more parsimonious than the other one for the characters being studied. A detailed description of the 10,000 trees was drawn randomly from the set of all possible trees for each data set. The g 1 statistic was procedure for making paired comparisons of trees with Templeton's (1983) test is presented by Larson (1994) . used to test for the presence of phylogenetic signal
FIG. 4.
Six segments of aligned small and large subunit nuclear encoded RNA sequences for nine otophysan species and one gonorynchiform outgroup. Segments are separated by a vertical bar. Segment one is equivalent to positions 152 to 315 of the 18S rRNA sequence for Xenopus laevis (Salim and Maden, 1981) ; segment two is equivalent to positions 687 to 910; and segment three to positions 1291 to 1440. Segment four is equivalent to positions 837 to 946 of the 28S rRNA sequence for X. laevis (Ware et al., 1983) . Segment five is equivalent to positions 987 to 1325, and segment six to positions 2104 to 2321. The key to the taxa is presented in the legend to Fig. 2 .
FIG. 4-Continued
Congruence of characters within and between the ing transitions, transversions, length mutations, or multiple categories of change. different data sets was assessed using incongruence statistics (Swofford, 1991) and contingency χ 2 analyses (Larson, 1994) . The contingency analysis was con-RESULTS ducted as described by Larson (1994) except that phylogenetically informative molecular sites (Figs. 3 and 4) Aligned molecular sequences are presented in Figs. 3 and 4. Individual sequences were submitted to Genrather than derived character states were used as the units of analysis. For each phylogenetically informative Bank (Accession Nos. U33639-U33744). Phylogenetic signal is indicated by a statistically significant leftward character, the number of homoplastic changes (0, 1, Ͼ1) was tallied for the two equally most parsimonious skew for the length distributions of 10,000 trees randomly generated for the morphological (g 1 ϭ Ϫ0.777), trees obtained from the combined molecular and morphological data. The first contingency analysis com-molecular (g 1 ϭ Ϫ1.136), and combined (g 1 ϭ Ϫ1.075) data (Hillis and Huelsenbeck, 1992 ). An exact search pared levels of homoplasy among three different kinds of characters (morphological, nuclear-encoded ribo-of the combined data found two equally most parsimonious trees. The total length of these trees was 960 somal RNA, and mitochondrial DNA). The molecular sequences were then examined to compare levels of ho-changes for 85 morphological and 368 molecular characters with a consistency index of 0.66 and a rescaled moplasy observed among molecular sites demonstrat-notoid, and characiform clade appeared in 100% of the replications and the node supporting the characiformgymnotoid clade appeared in 87% of the replications.
In cases where we were unable to obtain sequences for a particular gene region after multiple attempts at sequencing, the data were coded as missing (Figs. 3 and  4) . For each specimen, the number of phylogenetically informative sites successfully sequenced for the nuclear and mitochondrial genes (respectively) is as follows: CC (155, 205), CT (130, 203) , CY (130, 202) , AU (68, 208), CH (155, 171), IC (136, 202) , HY (158, 199) , CR (156, 205) , AC (160, 186), and AA (141, 202). The key to the specimens can be found in the legend to Fig.  2 . The missing data appear not to compromise our analyses because of the very high bootstrap values obtained for both the molecular-only and combined analyses (Figs. 5A and 5B ).
An exact search of the morphological data was conducted for calculating incongruence statistics (Table 2) . Two equally most parsimonious trees of 92 steps for 85 characters resulted, having a consistency index of 0.96. A strict consensus of these trees matches the consensus topology for the most parsimonious trees found for the combined morphological molecular data (Fig. 5A ). Indices of incongruence (Table 2) suggest that only a minor amount of the incongruence among characters (2-7%) occurs between the morphological and molecular data.
The phylogenetic topology generated by our analysis of the combined morphological and molecular data (Fig.   FIG. 5 . Two 50% majority rule consensus trees resulting from 5A) is significantly more parsimonious for these data separate analyses of the total evidence (A) and molecular evidence than the ''traditional hypothesis'' (Fig. 1A) according to data sets (B). Numbers on nodes refer to the percentage of times the Templeton's (1983) test (Table 3 ). The topology of Fig. node was present in the bootstrap analysis.
5A is not significantly more parsimonious for the combined data than the best topology (Fig. 5B) obtained from the molecular analysis (Table 3 ). The topology for consistency index of 0.41. A strict consensus of these trees is presented in Fig. 5A . The two most parsimoni- Fig. 5B is not significantly more parsimonious for the molecular data alone than the topology in Fig. 5A (Taous trees differ only in the placement of the three siluroid families. This analysis supports Fink and Fink's ble 3).
The contingency analyses (Table 4) find the molecu-(1981) hypothesis of otophysan relationships. Bootstrap analysis indicates strong support for each of the lar data significantly more homoplastic than the morphological data and the mitochondrial DNA sequences major otophysan lineages identified by Fink and Fink (1981) . The clade containing the Siluroidei and the significantly more homoplastic than the nuclear encoded ribosomal RNA. Analysis of the molecular data Gymnotoidei appeared 93% of the time and the other clades appeared 100% of the time.
indicate no significant differences in levels of homoplasy among molecular sites undergoing transitions, An exact search of the molecular data found a single most parsimonious tree (Fig. 5B ) of 861 steps for 160 transversions, or length mutations (Tables 5 and 6 ).
For the nuclear-encoded rRNA, sites undergoing multinuclear-encoded and 208 mitochondrial characters. The consistency index for this tree is 0.64 and the re-ple kinds of change appear more homoplastic than sites undergoing only a single kind of change (Table 6 ). scaled consistency index is 0.33. The single most parsimonious tree for the molecular data was consistent with Fink and Fink's (1981) hypothesis that the Cy-DISCUSSION priniformes are the sister group to the other otophysans. However, the molecular data alone do not support Phylogeny, Morphological Evolution, a sister group relationship for the Siluroidei and the and Biogeography Gymnotoidei. Bootstrap analysis of the molecular data suggests substantial support for each of the major
The combined morphological and molecular data support the phylogenetic hypothesis of Fink and Fink clades (Fig. 5B) . The node supporting the siluroid, gym- Note. For each significant comparison, the shorter tree was found to be significantly more parsimonious at the 0.05 level using a twotailed test.
(1981; Fig. 5A ) in which the Siluroidei and Gymnotoidei are sister taxa, constituting the Siluriformes, and the
TABLE 4
Cypriniformes are the sister taxon to the Characiphyci
Homoplasy in Morphological versus
(Characiformes plus Siluriformes). We consider this to Molecular Characters be the best working hypothesis of otophysan relationships because it is significantly more parsimonious prior to the study of Fink and Fink (1981;  data reject (Briggs, 1979; Novacek and Marshall, 1976 ; χ 2 ϭ 106.76, df ϭ 2, P Ͻ 0.01. Brooks and McLennan, 1991 Congruence among Morphological χ 2 ϭ 11.09, df ϭ 6, P Ͼ 0.05.
and Molecular Characters
Our study permits a comparison of taxonomic characters obtained from morphology, nuclear encoded rRNA, extinction. The Cypriniformes occur in North America, and mitochondrial DNA. The phylogenetic topology Europe, Asia, and Africa. The Gymnotoidei are respecified by the morphological data alone prevails stricted to South America and southern Central when the molecular and morphological data are anaAmerica. The Characiformes occur in Africa, Central lyzed together, although the molecular data alone specAmerica, and South America, and the Siluroidei are ify a different topology (Fig. 5B) . The important difwidely distributed in Africa, Europe, Asia, North ference between these topologies concerns the America, and South America. Our finding that the relationship of the Gymnotoidei to the Siluroidei and Gymnotoidei are the sister taxon to the widely distribCharaciformes. The molecular data group the Gymnouted Siluroidei challenges the conclusion of Roberts toidei and the Characiformes as sister taxa (Fig. 5B ) (1972) that the restricted distribution of the Gymnowhereas the morphological and combined data group toidei indicates a relatively recent origin for this linthe Gymnotoidei with the Siluroidei (Fig. 5A) . Within eage.
the molecular data, 21 characters discriminate these The parsimony method of Ronquist (1994) can be topologies and 7 of these characters favor the topology used to examine alternative hypotheses of the geoobtained from the analyses of morphological and comgraphic origins of otophysans using the phylogenetic bined data (Fig. 5A) . Sixteen of the morphological charrelationships of the major lineages studied here (Fig. acters discriminate these topologies and all support the 5A). When Africa is postulated as the area of origin, at topology of Fig. 5A . The combined signal of these 16 least 8 events of continental extinction or intercontimorphological and 7 molecular characters overcomes nental dispersal of the four main lineages are required 14 conflicting molecular characters to support the toto explain their current distributions. The same numpology of Fig. 5A when the different data sets are comber of events is required if Africa is combined with any bined. or all of the other continents as the hypothetical area Because both molecular data sets are independently of otophysan origin. At least 10 events of dispersal and/ compatible with the topology of Fig. 5A , it is unlikely or extinction are required when any other continents that their disagreement with the morphological characters is attributable to stochastic lineage sorting (see TABLE 6 discussion by Larson, 1994) . A more likely explanation is that the lineage grouping the Gymnotoidei and Silur- nificantly less homoplastic than those from nuclear en- Donoghue, M. J. (1989) . Phylogenies and the analysis of evolutionary coded rRNA, which are significantly less homoplastic sequences, with examples from seed plants. Evolution 43: 1137 -than those from mitochondrial DNA ( the tree specified by the morphological data alone is equivalent to the one obtained by the combined mor- Fink, S. V., and Fink, W. (1981) 
